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We have theoretically and experimentally investigated an optical fiber with circular polarization modes
on one end and linear polarization modes on the other end. We call this fiber a polarization-
transforming fiber because the local modes, or polarization states they represent, are converted from
linear to circular, and visa versa, in the fiber. We have developed and implemented a postdraw process
for making polarization-transforming fiber samples 30 mm long with losses less than 1 dB and a
polarization-mode conversion from circular to linear greater than 20 dB. Also, we have modeled and
measured the dependence on wavelength and temperature of polarization-transforming fiber samples.
The measured normalized wavelength dependence of a sample fiber 30 mm long was approximately 1.4 �
10�4 nm�1, and the measured normalized temperature dependence was approximately 6 � 10�4 °C�1.
These values are better in some cases than values for conventional high-birefringent fiber quarter-wave
plates.

OCIS codes: 060.0060, 060.2310, 230.0040, 230.5440.
1. Introduction

Conventional high-birefringent �hi-bi� fiber has only
linear optical eigenmodes, and when a linear polar-
ization state is launched into the hi-bi fiber on one of
the axes of birefringence the linear polarization state
is preserved, thus the name polarization-maintaining
�PM� fiber. If hi-bi fiber is spun at a high enough
rate, or at a short twist pitch, the fiber will have
circular eigenmodes, preserving a circular polariza-
tion state launched into the fiber.1 However, if a
hi-bi fiber has a variable twist pitch along the length,
the slow-spun �long twist pitch� end will have the
properties of a PM fiber, linear local modes guiding
linear polarization states, and the fast-spun �short
twist pitch� end will have spun hi-bi properties, or
circular local modes guiding circular polarization
states. The variable-spun hi-bi fiber can couple lin-
ear polarization modes to circular polarization modes
over its length. This has the effect of converting
states of linear polarization into states of circular
polarization, or visa versa. We choose to call this
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fiber a polarization-transforming �PT� fiber. A sche-
matic of this concept is shown in Fig. 1.

PT fiber was first proposed by Huang,2,3 who pre-
sented the mathematics used to solve the variably
coupled-mode equations for this type of fiber and de-
scribed the effects of such a modification on the fiber’s
optical properties. Huang showed that it was possi-
ble to predict the behavior of such a fiber, provided
that certain physical conditions were fulfilled.2,3 He
proved the principle of this fiber by drawing variably
spun hi-bi fiber and cutting the fiber at the fast- and
slow-spun ends.2 However, the majority of his ex-
perimental investigation was applicable only to
lengths of fiber that were longer than 0.5 m. He
briefly describes the shorter-length fibers, the post-
draw manufacture method, and �to our knowledge�
has not investigated the temperature and wave-
length dependence of these fibers.2,3

In this paper we evaluate the wavelength and tem-
perature performance of the PT fiber and compare it
with a conventional birefringent fiber quarter-wave
plate. To make a PT fiber component, we modified
the physical properties of a hi-bi optical fiber, post-
draw. We heat the fiber to a temperature near melt-
ing and then twist it, varying the twist rate from fast
at one end down to zero at the other end. Because of
the high temperatures used, elasto-optic effects do
not come into play in this fiber. �See Section 2 for a
discussion of the temperatures used.� Also we the-
oretically investigated the behavior of such a PT fiber
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with the method of coupled-mode equations and for
various twist-rate profiles and fiber lengths.2

The PT fiber can be compared with a conventional
quarter-wave plate because it changes the polariza-
tion state of light passing through it, but there are
subtle differences. To understand these differences,
we first describe a conventional PM fiber quarter-
wave plate. A PM fiber quarter-wave plate is made
when a length of the PM fiber is prepared with a
quarter of a beat length of birefringence. Launching
the linearly polarized light into the fiber quarter-
wave plate at 45° to the hi-bi axes will convert the
linear polarization state into a circular state by the
accumulated change in phase between the two linear
eigenmodes. The device is bidirectional, meaning
that linearly polarized light can be launched into ei-
ther end; and as long as the orientation with the
linear polarization state and the hi-bi axes is main-
tained, a circular polarization state results.

The PT fiber is not bidirectional in the same man-
ner as the hi-bi fiber quarter-wave plate. If linearly
polarized light is launched into the slow-spun end on
the axis of the hi-bi fiber, then a circularly polarized
beam of light will exit the fiber. If linearly polarized
light is launched into the fast-spun end of the PT fiber
at the appropriate angle �which is dependent on the
fiber’s twist rate and birefringence�, the input state
will be converted to a circularly polarized state at the
slow-spun end. If linearly polarized light is
launched into the fast-spun end at 45° to the hi-bi
axes, the output will be some arbitrary polarization
state dependent on the PT fiber length, twist rate,
and birefringence. If circularly polarized light is
launched into the slow-spun end, a linear state will
exit; the angle of the linear state is dependent on the
PT fiber parameters. If a right-circular polarization
state is launched into the fast-spun end, the output at
the slow-spun end of the fiber will be a linear polar-
ization state on the horizontal axis. In all these
cases the variable mode coupling strength and PM
fiber axes determine the orientation of the output
state. Another difference is the PT fiber uses many

beat lengths of a PM fiber to accomplish the
polarization-mode conversion, and the hi-bi fiber
quarter-wave plate at a minimum will use only a
quarter beat length. �For a more detailed descrip-
tion and theoretical evaluation of the different input–
output arrangements of a PT fiber, see Huang.2�

The PT fiber has some unique properties that can
be used in some applications such as a conventional
quarter-wave plate.2 The temperature and wave-
length dependencies of a PT fiber are affected by the
spin-rate profile and length of the fiber and not di-
rectly on the change in the birefringence of the fiber
with temperature and wavelength. Thus the tem-
perature and wavelength dependencies of the PT fi-
ber can be tailored. We show that in some cases the
temperature and wavelength dependencies are many
times smaller than those for the conventional PM
fiber quarter-wave plate.

2. Apparatus for Polarization-Transforming Fiber
Manufacture

To make short PT fiber samples, of the order of tens
of millimeters in length, we heated and twisted a
hi-bi fiber postdraw. A schematic of our apparatus
is shown in Fig. 2. We removed approximately 10
cm of the jacket from the fiber and attached one end
to the rotating motor and the other end to a station-
ary V-groove. This fixed end was held such that the
fiber would not rotate at this point. At the other end
of the fiber a motor rotated at a constant speed. A
tungsten ribbon, that nearly surrounds the hi-bi fiber
as shown in Fig. 2, is used to heat the fiber. As
shown in Fig. 2 argon gas both cooled and protected
the tungsten ribbon from the surrounding air, and
the hi-bi fiber was stabilized with a vacuum V-groove
on either side of the heater. We heated the fiber to
near-melting temperatures ��1400–1600 °C� while
the rotating motor twisted the fiber. This high tem-
perature annealed out any stress induced in the fiber,
due to the elasto-optic effect, associated with the ini-
tial twisting. Water cooling kept the fixture housing
from overheating.

At the same time the fiber was being twisted and
heated, a second motor advanced the heating element
along the length of the fiber, shown in Fig. 2. The
second motor speed is varied to obtain a certain twist-
rate profile along the length of the hi-bi fiber. Both
motors and the filament current were controlled by a

Fig. 1. Schematic diagram of a PT fiber showing the fiber’s end
view if cut at various points along the length. Also shown is the
twist rate along the length of the fiber. At the slow-twist end the
local modes are linear. At the fast-twist end the local modes are
circular.

Fig. 2. Schematic diagram of the apparatus used to heat and
twist the PM fiber into PT fiber samples. The PM fiber is held on
the heating fixture by a vacuum V-groove. The tungsten heating
element is cooled by an argon flow, and the heating fixture is cooled
by water. The heating element, linear stage, and rotating motor
are under computer control.
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computer to obtain low-loss PT fibers with the desired
twist-rate profile. An apparatus with constant mo-
tion and varying rotation rate could be used as well.

For best results we began with a constant level of
twist per millimeter �one twist equals 2� rad of rota-
tion� for a length of approximately 2 mm and then
began the desired twist-rate profile. After heating
and twisting, we placed the fiber in a capillary and
polished back 2 mm or more into the PT fiber because
this beginning region usually had high loss, possibly
because of fiber microbending when the process was
initiated. The apparatus shown in Fig. 2 held the
hi-bi fiber in a straight line with the vacuum
V-grooves and the tension between the fiber holder
and the rotating motor. This apparatus kept the
fiber, to a certain extent, from taking on a corkscrew
shape when twisted and heated. Microbend losses
become significant in fibers with a corkscrew shape.
Figures 3 and 4 show photographs of fibers twisted
without any support and with the vacuum V-groove
apparatus, respectively. The corkscrew shape of the
fiber in Fig. 3 does not guide light. Figure 4 shows a

better fiber, but the heating process initiated devit-
rification, as indicated by the grainy surface.4 The
surface of the fiber was also discolored from reactions
with the air and tungsten. This fiber could be re-
heated to remove some of the devitrification and in-
crease its overall strength.

3. Theoretical Evaluation of Polarization-Transforming
Fiber

We used the Runge–Kutta method to numerically
solve the coupled-mode equations for variable cou-
pling to guide the manufacture of fibers using differ-
ent twist-rate functions ��z�, total lengths LR, and
beginning twist rates ��0�.2,3 The coupled-mode
equation for variable coupling is

dA� z�

dz
� K� z� A� z�, K� z� � � j

�	

2
�� z�

��� z� �j
�	

2
� ,

(1)

where A is a vector whose elements Ax and Ay are,
respectively, the horizontally and vertically polarized
local modes in the fiber and �	 is the phase velocity
difference between the two modes.2,3,5 To solve Eqs.
�1� we can use the same transformation method as
used in previous constant-twist cases, with the ex-
pression A�z� 
 O�z�W�z�, where O�z� is the diago-
nalizing matrix and W�z� is the eigenmode vector.
However, O�z� now has variable elements:

O� z� � � cos �� z� i sin �� z�
i sin �� z� cos �� z� � , (2)

where ��z� 
 0.5 tan�1�2Q�z�, Q�z� 
 ��z���	 

Lb�LS�z�, Lb is the phase beat length, and LS�z� is the
variable spin pitch of the fiber. The elements of
W�z� no longer separately satisfy independent differ-
ential equations and do not have an exact closed-form
expression, but are coupled functionally by the term
d��z��dz. �These equations have been previously
solved by Huang.2,3� We solved Eqs. �1� numerically
with the Runge–Kutta method and with Volterra’s
multiplicative integral method6,7 and found no signif-
icant difference in the results. We solved them for
the situation in which circularly polarized light is
launched into the fast-spun end of the PT fiber. For
this situation the input of left-circularly polarized
light will be transformed into vertical-linearly polar-
ized light by the PT fiber. A measure of the effec-
tiveness of the transformation is the extinction ratio
of the output linear polarization state, which is also
easier to experimentally verify. We assumed a per-
fect circular polarization state for the normalized in-
put, and the extinction ratio was determined by the
function

ER� z� � �10 log10�� Ax� z��2

� Ay� z��2� , (3)

Fig. 3. Photograph of a twisted and heated fiber showing the
corkscrew shape and microbending.

Fig. 4. Photograph of a PT fiber sample with a minimum of mi-
crobending or corkscrew shape. The fiber has a dark surface be-
cause of a glass–air–tungsten reaction. Also, crystal growth is
evident by the grainy surface of the fiber.
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where Ax�z� and Ay�z� are the linearly polarized local
modes along the length of the fiber. For a perfect PT
fiber the circular-to-linear transform would yield an
ER�z� 
 � at z 
 0. �We define z 
 0 as the fast-spun
end of the fiber and z 
 LR as the end of the fiber with
no twist.�

A variety of twist-rate profiles were used to make
the PT fibers: linear, exponential, and cosine.
These are not inclusive, but are representative only of
the twist-rate functions that could be used. How-
ever, each function poses a different set of experimen-
tal constraints that must be considered to achieve a
practical PT fiber with an extinction ratio greater
than 20 dB and a length shorter than 50 mm. ��0�,
the beginning twist rate, can be in units of radians
per millimeter or twists per millimeter where one
twist equals 2� rad. The functions below are in ra-
dians per millimeter and are converted to twists per
millimeter for Figs. 5 and 6.

The linear twist-rate function we used was

�Li� z� �
2���0�

LR
�LR � z�, (4)

where �LR � z� is the length of the fiber from the zero
twist end. Fibers made with this twist-rate function
worked, but the best performance required long
lengths and high twist rates that were not as desir-
able.

The exponential twist-rate function we used was

�exp� z� � 2���0�exp��az
LR

� , (5)

where a is an arbitrary constant. Unfortunately,
variations in our apparatus prevented us from mak-
ing a low-loss fiber using the exponential twist-rate
function. The shape of the twist profile at the fast-
spun end would have to be well controlled because of
the rapid change in �exp�z�. This exponential profile
was impractical given the number of experimental
parameters involved in the process of heating, twist-
ing the hi-bi fiber, and the difficulty in controlling
these parameters with our apparatus. Possibly
with a refined apparatus this twist profile could be
used successfully.

The cosine twist-rate function we used was

�cos� z� � ���0��1 � cos��z
LR

�� . (6)

The PT fiber with a cosine twist rate is interesting
because the derivative of �cos�z� is 0 at both ends of
the fiber. This may reduce the effects of variations
in the experimental parameters at the high-twist end
of the PT fiber. We had the most success experimen-
tally with this cosine twist profile of PT fiber.

4. Predicting the Theoretical Temperature and
Wavelength Dependencies of the
Polarization-Transforming Fiber

As mentioned above, PT fibers rely on the internal
stress birefringence in the hi-bi fiber to convert po-
larization states from linear to circular local modes.
If that birefringence changes, due to a temperature or
wavelength change, then the properties of the PT
fiber will change as well. To predict the tempera-
ture and wavelength dependencies of a PT fiber, we
modeled the extinction ratio ER�z� versus a change in
the beat length Lb of the hi-bi fiber where the length
LR, the maximum twist rate ��0�, and the twist-rate
function were fixed. The beat-length variation was
then attributed to a change either in temperature or
in wavelength. The beat length of a hi-bi fiber is
Lb 
 2���	 where �	 
 2��n�� is the linear phase
shift per unit length and �n is the linear birefrin-
gence. As shown in Eq. �7�, the beat length of a hi-bi
fiber depends on wavelength and temperature:

Lb��, T� �
�

�n��, T�
, (7)

where T is the temperature, � is the wavelength, and
�n��, T� is the linear birefringence in the fiber as a
function of wavelength and temperature. Thus the
normalized wavelength and temperature dependen-
cies of the beat length can be expressed by Eqs. �8�:

1
Lb

dLb

d�
�

1
�

�
1

�n
d�n
d�

,

1
Lb

dLb

dT
� �

1
�n

d�n
dT

. (8)

The values of �1��n�d�n�d� and �1��n�d�n�dT have
been measured and reported by several authors and
found to be approximately �8.3 � 10�5 nm�1 and
1.2 � 10�3 °C�1, respectively.8,9 From Eqs. �8� a
change in beat length can be attributed to changes in
temperature or wavelength.

Before we compare the estimated and experimen-
tal temperature and wavelength dependencies, an-
other conversion from extinction ratio to retardance
error is useful. �The retardance of a section of PM
fiber is defined as � 
 �	l 
 2��nl��, where l is the
section length.� A PT fiber can be simplistically
modeled as a quarter-wave retarder for comparison
with a PM fiber retarder. For a perfect quarter-
wave retarder, with retardance � 
 ��2, the conver-
sion from a circular to a linear polarization state
would lead to an infinite extinction ratio for the out-
put linear polarization state. If the retarder has a
retardance that is slightly different from ��2 with a
retardance error ε�, then the extinction ratio of the
linear polarization state will be less than infinity.
The retardance error ε� 
 � � ��2 can be determined
from the linear polarization-state extinction ratio ER
as shown in Appendix A, relation �A4�.

From Eqs. �1�–�8� and Huang’s theory2,3 we esti-
mated the temperature and wavelength dependen-
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cies for PT fibers made with the linear, exponential,
and cosine twist profiles. Figures 5–8 show the
measured and calculated effect of cutting back into
the PT fiber and changes in temperature or wave-
length on the extinction ratio or retardance error ε�.

5. Experimental Results

To determine the PT properties of our PT fibers we
launched a nominally �97%� circular polarization
state into the fast-spun end of the fiber and, with a
polarizer, measured the extinction ratio of the linear
output polarization state. We used lasers at 1.3 and
1.55 �m to measure the wavelength dependence, but
we measured the fibers primarily at 1.3 �m. The
single-mode bow-tie hi-bi fiber we used was 125 �m
in diameter, had a beat length Lb � 4 mm at 1.3 �m,
a 0.11 numerical aperture, and a 9-�m mode field
diameter.

Using the apparatus discussed above, we manufac-
tured several PT fibers with various twist-rate pro-
files and lengths. As mentioned above the most
successful twist-rate profile was the cosine, described
in Eq. �6�. Using this profile, we made fibers with
extinction ratios �for the circular-to-linear conver-
sion� greater than 20 dB and with losses below 1 dB.
We also tried making PT fibers with linear and ex-
ponential profiles, but either the extinction ratio was
less than 20 dB or the loss of the fiber was greater
than 5 dB, or both.

To evaluate the performance of the PT fiber, we
polished back from the start of the twist until both
the loss and the extinction ratio were acceptable.
This polish-back method could also be used to confirm
the twist-rate model for the fiber. Figure 5 shows a
PT fiber with a linear twist-rate profile, with ��0� 
 1
twist�mm and LR 
 10 mm. As the PT fiber is pol-
ished back, the extinction ratio of the linear output

state fluctuates with an amplitude near that of the
amplitude fluctuation of the theoretical extinction ra-
tio prediction. Because of uncertainties in the
polish-back length and the start-of-twist location on
the fiber, agreement can be only approximate. The
PT fiber in Fig. 5 is not a good candidate because of
the loss, approximately 5 dB, and because the extinc-
tion ratio is less than 10 dB.

Another PT fiber was made with the cosine twist
rate and is shown in Fig. 6. This fiber had ��0� 
 2
twists�mm and LR 
 20 mm, with a loss of approxi-
mately 6 dB and approximately a 20-dB extinction
ratio. Again, once the fiber was polished back into
the cosine twist-rate profile, the measured extinction
ratio of the PT fiber matched the theoretical predic-
tions for absolute value and oscillation. The first
few data points are in the region where the twisting
had just begun, are not easily modeled, and have high
loss.

We manufactured several fibers using the cosine
twist rate, with ��0� 
 1.5 twists�mm and LR 
 30
mm. For our apparatus, this type of PT fiber had
the lowest loss, less than 1 dB, for an extinction ratio
greater than 20 dB. With these fibers we tested the
temperature and wavelength dependencies of the ex-
tinction ratio of a PT fiber. Figure 7 shows our re-
sults of measuring the extinction ratio of the linear
output polarization state at approximately 1318 and
1555 nm when a circular state was input on the fast-
spun end of the PT fiber sample. Repeated mea-
surements were made, and the error bars in Fig. 7
represent twice the standard deviation of that set of
measurements. The theoretical values have a
�3.3-dB bias for comparison purposes. Our samples
of PT fiber can have an extinction ratio lower than
predicted, possibly because of imperfections in our
process, but should still follow the predicted wave-

Fig. 5. Theoretical �solid curve� and measured �filled circles� ex-
tinction ratio for a PT fiber made with a linear twist-rate profile
with ��0� 
 1 twist�mm LR 
 10 mm, and length is �LR � z�. The
twist rate for this fiber is shown as a dashed curve.

Fig. 6. Theoretical �solid curve� and measured �filled circles� ex-
tinction ratio for a PT fiber made with a cosine twist-rate profile
with ��0� 
 2 twists�mm, LR 
 20 mm, and length is �LR � z�. The
twist rate for this fiber is shown as a dashed curve.
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length dependence. In Fig. 7 the experimental val-
ues do match the biased theory well. Also, shown in
Fig. 7 is an estimate of the retardance error from a
perfect quarter-wave plate. The retardance error
was determined from the biased theory by use of Eq.
�A4�.

To measure the temperature dependence of the ex-
tinction ratio of the fiber, we heated and cooled sam-
ples on a thermo-electric cooler while measuring the
extinction ratio of the linear output polarization
state. A circular input polarization state was
launched into the fast-spun end of the PT fiber, and
the extinction ratio of the linear output polarization
state was recorded. Figure 8 shows the temperature
dependence of the extinction ratio of two PT fiber
samples compared with the theoretical prediction.
Again, the theoretical values were biased by �3.3 dB.
The PT fiber samples have a larger extinction ratio
temperature dependence than the theory predicts,
which may be due to stress induced by the capillary
housing. Figure 8 also has an estimate of the retar-

dance error from a perfect quarter-wave plate. The
measured normalized temperature dependence of
these samples is 6 � 10�4 °C�1, larger than the the-
oretical slope of 2 � 10�4 °C�1.

6. Conclusions

We have taken Huang’s theoretical treatment of the
PT fiber and made short lengths of fiber ��30 mm�
with low loss to show that the PT properties of the
fiber can be maintained. However, the performance
of the shorter-length fiber now depends strongly on
the shape of the twist-rate function. We also devel-
oped a postdraw method for manufacturing these fi-
bers and have shown that a 30-mm sample can have
a circular-to-linear polarization-mode conversion
greater than 20 dB with a loss of less than 1 dB.

We have compared the PT fiber with a conventional
hi-bi fiber quarter-wave plate for the case in which
the polarization-mode conversion capability of the PT
fiber is similar to that of a quarter-wave plate when
linearly polarized light is changed to circular polar-
ized light, and visa versa. Table 1 shows the nor-

Fig. 7. Theoretical �solid curve� and measured �filled and open
circles� extinction ratio for a PT fiber made with a cosine twist-rate
profile with ��0� 
 1.5 twists�mm and LR 
 30 mm. Theory was
biased by �3.3 dB to match the 1.55-�m data. Two PT fiber
samples �solid and filled circles� made under the same conditions
were used. The estimated retardance error is shown in the right
vertical axis.

Fig. 8. Theoretical �solid curve� and measured �filled circles� ex-
tinction ratio of two PT fibers �filled circles and filled squares� and
versus temperature at 1.3 �m. A bias of �3.3 dB was added to the
theoretical values. Also, the estimated retardance error is shown
on the right vertical axis.

Table 1. Normalized Dependencies of Retardance for Temperature and Wavelength Changes for PT and Conventional Quarter-Wave Plate Fibers

Fiber Type
Normalized Temperature Dependence

��1���d��dT �°C�1� at 1.3 �m
Normalized Wavelength Dependence

��1���d��d� �nm�1� at 1.3 �m

Bow tie 1.2 � 10�3a
7 � 10�4b

Elliptical core 0.9 � 10�3c
7 � 10�4b

Elliptical core 0.2 � 10�3d
7 � 10�4b

PT �experimental� 0.6 � 10�3 1.4 � 10�4

PT �best theoretical� �2 � 10�5 �3 � 10�5

aReference 8.
bEstimated value.
cReference 9.
dReference 10.
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malized dependencies of retardance � �from either �n
or the measured extinction ratio� for temperature
and wavelength changes for conventional fiber
quarter-wave plates and the PT fiber. �As stated
above, the temperature or wavelength dependence of
a quarter-wave plate is attributable to the direct
change in �n, whereas the temperature or wave-
length dependence of the extinction ratio of a PT fiber
operating in a circular-to-linear polarization-state
conversion is indirectly dependent on �n.� The
wavelength dependence for the conventional quarter-
wave plates was determined from Eqs. �8�. The tem-
perature dependence has been measured by various
authors, and depending on the fiber type, the tem-
perature dependence varies from 1.2 � 10�3 °C�1 to
0.2 � 10�3 °C�1.8–11

The experimental PT fiber discussed in Table 1 is
also shown in Figs. 7 and 8. The fiber has a cosine
twist-rate function with ��0� 
 1.5 twists�mm and
LR 
 30 mm. The theoretical PT fiber discussed in
Table 1 has a length of 300 mm with a cosine twist-
rate function and ��0� 
 1.5 twists�mm. The longer
PT fiber has lower predicted wavelength and temper-
ature dependencies for the extinction ratio. This il-
lustrates that the temperature and wavelength
dependencies of a PT fiber can be tailored by length
and twist-rate profile. As shown in Fig. 8 the wave-
length dependence changes sign between 1.3 and 1.55
�m. The temperature dependence will also have a
different sign at the two different wavelengths.

The PT fiber we made and show in Figs. 7 and 8 has
a substantially better wavelength performance as
compared with the conventional fiber quarter-wave
plate by use of the same fiber type. When compared
with the conventional fiber quarter-wave plate, the
variation with wavelength is a factor of 5 better for
the PT fiber we made, or a theoretical factor of 23 for
a 300-mm length PT fiber. The temperature depen-
dence of the 30-mm sample has a value comparable to
that of conventional quarter-wave plates, and the
300-mm length PT fiber has a predicted value ten
times better than the best reported value for a con-
ventional quarter-wave plate.

Because of the tunable wavelength and tempera-
ture performance of a PT fiber, there are some
interesting applications. One is a stable fiber
quarter-wave plate for polarimetric metrology.
However, the present samples do not compare with
the standard retarder produced by the National In-
stitute of Standards and Technology.12 Another
possible application is optical fiber current sen-
sors.10,11,13 The fiber Sagnac and in-line Sagnac cur-
rent sensors require a fiber quarter-wave plate to
convert linear polarization modes in the interferom-
eter into circular polarization modes to sense current
flowing through the aperture of the sensing fiber coil.
The temperature dependence of the fiber quarter-
wave plate can be used to compensate for other
temperature-dependent components and physical ef-
fects in the sensor, thus stabilizing the sensor for
commercial use.10,11,13 With a PT fiber the required
compensation could be tuned for optimal sensor sta-

bility over temperature and possibly source wave-
length changes.

In summary the PT fiber can have a performance
comparable to that of a conventional hi-bi fiber
quarter-wave plate. However, the PT fiber can be
tailored, by length and twist-rate profile, to have bet-
ter wavelength and temperature performance than
the conventional fiber quarter-wave plate. Also, the
PT fiber can be made to have the opposite sign for its
temperature and wavelength dependencies compared
with a conventional fiber quarter-wave plate as
shown in Figs. 7 and 8.

Appendix A: Retardance Error

A PT fiber, in the arrangement where a circular po-
larization state is converted to a linear polarization
state, can be modeled as a quarter-wave retarder
where the retardance is � 
 ��2 � ε�, with ε� as the
retardance error. If we launch a polarization state
of some ellipticity into the quarter-wave plate, a lin-
ear polarization state with some extinction ratio ER
will exit the device. This arrangement can be mod-
eled with Jones’s calculus in the following manner.14

The output Jones’s vector for an elliptically polarized
state, angle 0°, launched into a wave plate and then
analyzed by a polarizer can be found by the following:

�Ax

Ay
� 	

1
2 � 1 �1

�1 1 �
� �exp�i��2� 0

0 exp��i��2�� 
2
2 � �i

1 � εC
� ,

(A1)

where the wave-plate’s axis is at 0°, the polarizer’s
axis is at �45°, and εC is a small deviation from
circular polarization ��Ax�2 	 �Ay�2 � 2εC�. The mea-
sured intensities from the two orientations of the
polarizer are

I� 	
1
4

�1 � �1 � εC�2 � 2�1 � εC�cos ε�. (A2)

The extinction ratio of the measured intensities is

ER �
I�

I�

	 �1 � εC�
ε�2

2
, (A3)

for small εC and ε�. Thus, for a given input polar-
ization state �that is nearly circular� and an extinc-
tion ratio, a retardance error can be determined.
The retardance error is

ε� 	 � 2ER

�1 � εC��
1�2

. (A4)

Relation �A4� can be used to determine the retar-
dance error for a PT fiber from the input circular
polarization-state error and the extinction ratio of the
output linear polarization state.

The effect of the input circular polarization-state
error can be seen in relation �A4� as a bias to ε�. Our
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input polarization state had εC equal to approxi-
mately 3%. This would bias ER by approximately
0.1° for ER values below 20 dB. The bias due to ε� is
negligible for higher ER values.
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